During the normal development of the nucleus of origin of centrifugal fibers to the chick retina (the socalled isthmo-optic nucleus) a significant number of neurons are misrouted during their migration from the neural epithelium in which they are generated. Like the cells in the isthmo-optic nucleus, these ectopic neurons can be identified by the retrograde transport of horseradish peroxidase (donor: hydrogen peroxide oxidoreductase, EC 1.11.1.7) injected into the eye. Between 500 and 600 such cells have been identified on one side of the brain of 12 to 15-day-old embryos, but only about 10% of this number is seen beyond hatching. In addition, during development some of the cells in the nucleus send their axons to the ipsilateral retina, whereas in posthatched animals they all project to the contralateral retina. The number of such neurons with aberrant axons is greatly increased (in some cases by as much as two orders of magnitude) in chicks from which one e e was removed early in development. Although normally about 60% of the neurons in the isthmo-optic nucleus degenerate between the 13th and 17th days of incubation, they can almost all be labeled by intraocular injections of horseradish peroxidase on the 12th day, indicating that the axons of virtually all the cells, including those neurons that subsequently die, reach the retina.
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One of the most remarkable features of the development of the nervous system is that it so consistently leads to the formation of neuronal populations, which for any given species are readily identifiable from animal to animal, are surprisingly constant in number, and have the same invariant pattern of connections (1) . At present it is not known to what extent the relative constancy of such mature neuronal populations results from the selective elimination of neurons which are either abnormally located or aberrantly connected, and to what extent it results from a developmental program which, from the beginning, is extremely precise and rigidly ordered. There are reports in the literature of abnormally oriented neurons, even in otherwise normal animals (2), and as Cajal (3) pointed out, ectopically placed nerve cells and apparently misrouted axons are not infrequently seen in developing nervous systems. Furthermore, in every neural center whose development has been studied quantitatively, it has been found that between 40% and 70% of the neurons that are initially generated fail to survive to maturity (1, 4, 5) . While the causes of this naturally occurring cell loss have not yet been determined, it seems probable that much of it is due to the failure of a large proportion of the cells to either make, or receive, the appropriate connections. That "inappropriate" connections may be made during development has often been suggested, and it is certainly well documented that immature muscle fibers may be innervated by several axons, whereas in adult animals the same muscle fibers receive only a single axon (6, 7) . MATERIALS AND METHODS More than 50 animals (embryos and posthatched chicks) were used for this study. The embryos were exposed by making a large opening in the shell. After the shell membrane was removed, the head of the embryo was elevated on a plastic holder and between 4 and 8 ,ul of a solution of HRP (Sigma, type VI, 1 mg/5 Ml) was injected through a 30 gauge needle attached to a 10 tl Hamilton syringe, after the topical application to the cornea of one or two drops of a 0.5% solution of Ophthaine (Squibb) in all cases beyond the 15th day of incubation. The posthatched chicks were anesthetized with ether and the injections were made in the same way, through the sclera. In 17 embryos the right optic cup was ablated either late on the second, or early on the third, day of incubation (Stages 13-15 of the Hamburger and Hamilton series, ref. 12), using a glass needle and fine forceps. After the operation the opening in the shell was closed with a coverslip and paraffin wax, and the eggs were returned to the incubator for a further 10-14 days. At that time the remaining eye was injected with HRP. The animals were allowed to survive for 4-24 hr after the HRP injections; there- Illustrates the experiments on embryos in which one eye was ablated early in development; in these animals the injection of HRP into the remaining eye leads to the labeling of a substantial number of the cells in the ipsilateral ION, presumably because their axons take an aberrant path at the optic chiasm.
after they were perfused with a mixture of 1.25% glutaraldehyde and 1.25% paraformaldehyde in a phosphate buffer, and the brains were sectioned in the frontal plane at 20 or 50 gim on a freezing microtome. The sections were processed by the method described in ref. 13 , except that the H202 content was increased 4-fold. A schematic representation of the experimental design is given in Fig. 1 .
RESULTS AND DISCUSSION As the LaVails (9) have previously shown, in a newlyhatched chick the intravitreal injection of HRP leads within [4] [5] [6] hr to the labeling of virtually all the cells in the contralateral ION. Only an occasional cell is seen within the nucleus on this side which lacks the reaction product, and there are no labeled cells in the nucleus of the opposite side (i.e., the nucleus on the side of the injection). On close examination a small number of cells can be seen on the side contralateral to the injected eye, which clearly lie outside the limits of the ION; in one case for which we have counts, 48 such ectopic cells were identified, some of which lay up to 500 tim from the ventral border of the nucleus.
Following the injection of HRP into the eyes of normal chick embryos on the 11th and 12th days of incubation, we have again found that essentially all the cells in the contrala- teral ION are labeled. This establishes that prior to the onset of the naturally occurring cell death, virtually all the neurons in the ION send their axons to the contralateral retina and that the later degeneration of more than half the cells cannot be attributed to the failure of their axons to reach the retina. We do not, of course, know whether these axons form synapses with the appropriate retinal neurons, since it is known that growing axons are capable of taking up HRP and transporting it retrogradely (14) ; it only follows from our observations that the centrifugal axons have reached the retina.
Of equal interest is the finding in embryos injected with HRP on the 12th to 15th day of incubation that the number of labeled cells lying outside the limits of the contralateral ION 'is significantly greater than in newly hatched chicks; typically between 500 and 600 such cells have been found in the area ventral to the ION. The location of some of these cells is shown in Fig. 2 , from which it can be seen that a few of the cells lie more than 800 ,um from the ION. There is no reason to doubt that these labeled cells belong to the same general class as the cells in the ION: they clearly send their axons to the contralateral retina, and they have the same characteristic appearance as the labeled cells in the adjoining ION at this stage. The fact that the number of such ectopic cells found in the embryo exceeds by an order of magnitude that found in the newly hatched chick indicates that the cells are not only subject to the usual degree of naturally occurring neuron loss (which, at most, would lead to the death of about 60%, or roughly 300, of the cells), but also that they are preferentially eliminated during the latter part of the incubation period.
In the embryos injected on the 12th to 15th day of incubation there is, in addition, a significant number of labeled cells in the ION Evidence concordant with this view comes from experiments in which the optic cup on one side was ablated towards the end of the second day of incubation. When on the 13th embryonic day HRP was injected into the remaining eye, a substantial number of the cells in the ipsilateral ION was labeled (Fig. 3) . In addition, there were more unlabeled cells in the ION on the side contralateral to the injected eye than are usually seen in normal animals injected at the same stage. The reason for this is not known. It is possible that the operative procedure had retarded the general development of the chicks, including the development of the ION, so that the axons of some of its cells had not yet reached the eye by day 13; or again, it is possible that the chicks' axons were prevented from entering the eye by the invasion of a large number of fibers from the nucleus on the opposite side. The number of ectopic ION cells seen in the brains of these operated chicks, on each side, is comparable to that found on the side contralateral to the injection in normal animals.
It is important to distinguish between the ectopically located cells on the side contralateral to the injected eye and Cell Biology: Clarke and Cowan the neurons in the ipsilateral ION which are labeled both in normal embryos and in those in which one eye had been removed at an earlier stage. The ectopic cells are presumably misdirected during their migration from the neuroepithelium in which they are generated. Their location ventral to the main body of the ION is not on the direct route followed by the majority of the ION cells, so it is unlikely that they were simply arrested at some point along the normal path of migration. Moreover, since they can be labeled by intraocular injections of HRP as late as the 15th day of incubation, it is very unlikely that they were still in the process of migration; and this must certainly be true of the ectopic cells found in the posthatched chicks. Again the reason for the aberrant migration of these cells is not known. Conceivably it might be due to their having responded to an inappropriate cue along the route from the neural epithelium to the site of the future ION, or it could be because they lack some essential component (possibly some surface feature) which is necessary if they are to recognize and aggregate with the other neurons of the ION. It is also not clear why so many of these cells are preferentially eliminated. Clearly, it is not because their axons do not reach the retina, since in fact they are only recognized because their axons take up HRP from the eye. But it is possible that the same mechanism that causes the cells to be misrouted might be responsible for the failure of their axons to recognize and/or form synapses with the appropriate target cells within the retina (amacrines and displaced ganglion cells-15, 16). Alternatively, ectopic cells may be eliminated because they do not receive a normal input from the tectum, which is the major (and perhaps the sole) source of afferents to the nucleus (17). As we have pointed out above, ectopic neurons have been previously reported during embryonic development (3) , but our observations show that in normal animals the axons of such cells, including those that are doomed to die, can reach their projection field.
Of even greater interest is the finding that during normal development the axons of some cells may grow along aberrant pathways, and that by depriving cells of their normal projection field the number of such aberrant axons may be greatly increased. It is impossible to say from our material whether the fibers from the ipsilateral ION are collaterals of axons directed to the "correct" eye, or whether they are independent axons that were misrouted at the optic chiasm. Whichever is the case, one must assume that the growing axon (or axon collateral) responds inappropriately to whatever guiding cues are normally operative at the region of the optic chiasm. And perhaps the more remarkable feature is not that an occasional axon gets misrouted, but that the overwhelming majority does not.
We had not anticipated that removal of one eye would result in so many axons from the ION being routed into the ipsilateral optic nerve and retina. In fact, well over half do this in some cases. At present we do not know whether the axons of these cells grow directly into the ipsilateral optic nerve (because the nerve on the opposite side is absent) or whether they initially cross the midline at the optic chiasm and then grow back into the ipsilateral optic nerve. Whatever the cause of the misrouting, the arrival of such a substantial number of aberrant fibers at the retina is likely to seriously interfere with its normal centrifugal innervation, perhaps by competing with the axons from the contralateral ION for the available synaptic sites in the retina. There is some indirect evidence that this might be so. We have recently counted the number of cells in the "control" ION on the side contralateral to the surviving eye in a series of brains of chicks from which one optic vesicle, or optic cup, had been removed on the second day of incubation. These counts indicate that, in addition to the naturally occurring cell loss, there is a further loss of neurons in the "control" ION, amounting to about 60% (unpublished observations). Thus, at the time of hatching there are only about 4000 surviving cells in the "control" nuclei instead of the approximately 10,000 found in the ION of unoperated animals at this stage. It is evident, however, that the axons from the cells in the ION on the side of the HRP injection in the experimental animals do not form lasting connections in the retina, since by the time of hatching all the cells in the nucleus on this side disappear (11) .
